Summary Swimming during adolescence has shown neutral or even negative effects on bone mass. Nevertheless, it is still unknown if these effects are due to swimming or to other factors, such as sedentary behaviors. Introduction Three objectives were described (1) to measure objective physical activity (PA) additional to swimming performed by adolescent swimmers (SWI) and compare it to that performed by normo-active controls (CG), (2) to describe the relationship between objectively measured PA and bone mass, and (3) to compare bone mass of swimmers that meet the World Health Organization PA guidelines (active) WHO and those that do not (inactive). Methods A total of 71 SWI (33 females) and 41 CG (17 females) wore an accelerometer for at least 4 days. PA was expressed as the amount of time (minutes/day) in each intensity [sedentary/light/moderate or vigorous (VPA), and the sum of moderate and vigorous (MVPA)]. Using the cutoff points proposed by Vanhelst et al. SWI were classified as active or inactive according to whether they reached 60 min of weightbearing MVPA per day or not. Bone mineral density (BMD) was measured by dual energy X-ray absorptiometry, and bone strength values were calculated with peripheral quantitative computed tomography. Differences in PA intensities were calculated between SWI and CG. The relation of VPA to bone mass was studied in the SWI. Results Male-SWI spend less time in VPA and MVPA than male-GC, which partly explains the lower BMD values in SWI than CG. Conclusion Swimming may displace weight-bearing VPA with serious implications on bone health.
Introduction
Physical activity (PA), specifically participation in sport during growth, seems to be effective in reducing the prevalence of osteoporosis-related fractures [1] , which are estimated to have a mortality prevalence of up to 39 % in women and 51 % in men aged over 60 years [2] . Although osteoporotic fractures usually occur in the elderly, the idea that Bsenile osteoporosis is a pediatric disease^ [3] is increasingly accepted [4] . Therefore, prevention has become one of the most important tools to fight this disease [5] , with sport participation being highly recommended, particularly during childhood [6] . However, not all sports have the same effect on bone mass [6, 7] .
High impact sports seem to be more beneficial to bone mass than non-impact sports such as cycling [8] or swimming [9] . A recent systematic review [9] showed that swimming did not have a positive effect on bone mass. However, due to differences in the results between studies, it is not possible to assert that swimming was actually negative to bone mass acquisition. A further meta-analyses focusing on bone mineral density (BMD) of the lumbar spine, femoral neck, and whole body showed that adolescent swimmers (SWI) presented similar BMD values when compared to sedentary controls and lower values when compared to other athletes [10] .
A recent study showed that adolescent SWI presented lower values of BMD than sedentary controls at several sites when measured by dual-energy X-ray absorptiometry (DXA) [11] and similar values for the forearm and tibia for bone strength indices in evaluations performed by peripheral quantitative computerized tomography (pQCT) [12] . This can be explained by the fact that the forearm, particularly the radius, undergoes a high degree of strain during swimming.
The lower BMD found in adolescent SWI when compared to normo-active controls evaluated with DXA are alarming, as adolescence is a key stage for attaining peak bone mass in which a 5 to 10 % change may result in a 25-50 % difference in hip fracture later in life [13] . Therefore, the etiology of these differences should be carefully studied.
Two hypotheses emerge when trying to explain these differences. The first is environment-based, as SWI spend many hours in water, a medium with low gravity. The effects of hypogravity have been well described in astronauts [14] who, like SWI, operate in a low-gravity environment, with minimal impact on bone mass. Therefore, only relatively low tensions are transmitted by the muscular system to the bone during this type of exercise. Similarly, many studies have been developed in swimmers finding similar or lower BMD values than sedentary controls and similar bone strength indices (For review [9] ).
The second hypothesis is behavioral. Adolescent SWI spend several hours in water exercising. These daily hours could displace other weight-bearing physical activities that have been shown to be more advantageous to bone mass than swimming in more than 15 studies (for review [9] ). In addition, adolescent swimmers have to comply with school-tasks, rest to recover from swimming and sleep. This would result in no PA nor impact at all, increasing the number of sedentary hours and reducing the time spent in weight-bearing moderate or vigorous activities.
To date, no studies have been performed evaluating PA levels in adolescent SWI comparing them to a control group of normo-active counterparts (CG). Therefore, it remains unknown if the lower BMD levels reported in swimmers [11] are due to the swimming per se or if, in fact, their sedentary levels are greater than those of their CG.
Therefore, the aims of this study were the following: (1) to evaluate and compare free-living PA performed by adolescent SWI and normo-active controls, (2) to describe the associations between weight-bearing PA and bone mass in SWI, and (3) to compare bone mass between swimmers that meet the PA guidelines (active) and those that do not meet the PA guidelines (inactive).
Methods

Participants
Of the 235 informed consent forms delivered, a total of 173 were returned signed and agreed to participate in the study (98 SWI and 75 controls). However, those not meeting the following inclusion criteria were excluded a posteriori: being between the ages of 11 and 18, Caucasian, healthy, non-smoker, with no diagnosed chronic disease or musculoskeletal disorders (fibromyalgia, gout, osteoarthritis, rheumatoid arthritis, tendinitis), bone fractures, or medication. SWI had a history of swimming and competing in regional tournaments for more than 3 years and trained for a minimum of 6 h per week, while normo-active controls (CG) were not engaged in any aquatic activity on a regular basis or practicing any sport for more than 3 h per week.
A total of 77 SWI (34 girls) and 52 CG (23 girls) met the previous inclusion criteria and participated in the study. SWI were recruited from four swimming clubs from the city of Zaragoza (Spain), while participants in the CG were recruited from three high schools in the same city.
Subjects were asked to answer a medical questionnaire, and parents gave additional information regarding medical information such as past injuries, medication, and known diseases. 
Experimental design
The data presented herein corresponds to a cross-sectional study within a larger randomized controlled trial [15] that has been registered in a public database (ClinicalTrials.gov identifier [NCT02380664]).
All participants were asked to visit the laboratory for a period of 3 h to complete the evaluations that took place between September and December 2012. All the tests and questionnaires were performed by qualified researchers from the University of Zaragoza and are explained elsewhere [15] . Radiation exposure to adolescent athletes was limited and approved by the Spanish Nuclear Security Agency.
Anthropometric measures
Height was measured with a stadiometer without shoes and minimal clothing to the nearest 0.1 cm (SECA 225, SECA, Hamburg, Germany) and weight to the nearest 0.1 kg (SECA 861, SECA, Hamburg, Germany). Body mass index (BMI) was calculated as weight (in kilograms) divided by height squared (in meters).
Pubertal status assessment
Pubertal maturation was determined by self-assessment of secondary sexual characteristics according to the criteria devised by Tanner [16] . This method has been reported to be both valid and reliable in assessing sexual maturity among adolescent athletes [17] .
Bone, lean, and fat mass assessed by dual energy-X ray absorptiometry Scanning procedures and specific results are detailed elsewhere [11] . Scans for the whole body, lumbar spine, and non-dominant forearm and femoral neck were performed with DXA using a pediatric version of the software QDRExplorer (QDR-Explorer, Hologic Corp., Software version 12.4, Bedford, MA, USA). For the present study, the trochanter, femoral neck, pelvis, lumbar spine, arms, legs, radius, and subtotal body BMD were used.
Bone structure and strength assessed by peripheral quantitative computed tomography
Scanning procedures and specific results are detailed elsewhere [12, 18] . The non-dominant radius and tibia were measured with a Stratec XCT-2000 L scanner (Stratec Medizintechnik, Pforzheim, Germany). Both regions were measured at metaphyseal and diaphyseal sites. For the present study, cortical thickness (CRT_THCK) was measured, and fracture load on the x-axis (FRAC_X), polar strength strain index (SSIPOL), and bone strength index (BSI) were calculated.
Physical activity assessment
Free-living PA levels and patterns were objectively assessed using the uniaxial Actitrainer accelerometers (ActiGraph, LLC, Pensacola, FL, USA). The accelerometer records continuously and has no threshold for activity intensity. It was set to record PA in a 15-s epoch on the basis of literature related to sudden bursts of activity common to youth [19] .
Subjects wore the accelerometer for six consecutive days (including at least one weekend day). Participants were instructed to wear the accelerometer on their lower back using an elastic belt, adjusted to ensure close contact with the body. The subjects were required to wear the accelerometers from the moment they woke up in the morning until bed time. The only moment of the day that accelerometers could be removed was when participants were going to perform aquatic activities or while bathing or showering due to the fact that these accelerometers are not waterproof. In addition, participants took off their accelerometer when they went to bed and put them back on again first thing in the morning.
Data reduction
Accelerometer data were analyzed using algorithms developed in the software R (www.rproject.org). A set of add-on functions to R were developed to allow R to automatically read in the accelerometer raw files; edit the data to exclude the likely non-wearing periods, and compute daily summary statics. Two rules were used for excluding data: (1) all negative counts were replaced by missing data code, and (2) periods of 20 min or more consecutive zero counts were replaced by missing data code before further analysis as previous studies showed that so many consecutive zeroes are not observed in an awake child wearing an accelerometer and thus is inconsistent with monitor wear [20] . The output generated by R included accelerometer average counts per minute (CPM), sedentary time, and physical activities of different intensities based on Vanhelst cutoff points [21] .
Minutes of valid time in sedentary, light (LPA), moderate (MPA), vigorous (VPA), and the sum of moderate to vigorous PA (MVPA) intensities were calculated from the raw data obtained from the accelerometer using thresholds validated against spyroergometry and heart rate monitoring in adolescents that were of a similar age to our sample [21] . Based on these cutoff points the activity categories and accelerometer counts were sedentary activity, 0-400 CPM; light activity, 401-1900 CPM; moderate activity, 1901-3918 CPM; and vigorous activity, greater than 3918 CPM, respectively. In the present study, total minutes of daily physical activity is equivalent to valid time which is the average daily time spent wearing the accelerometer once the data reduction was performed according to Ojiambo et al. [22] . The final criteria for including the data in the statistical analysis was that the accelerometer had registered for at least 4 days (including one weekend day) and for at least 8 h each day.
Statistical analysis
All the analyses were performed using the statistical package SPSS 15.0 for Windows (SPSS, Inc, Chicago, IL), and significance was set at p < 0.05. All the analyses were performed for the whole sample and stratified by gender. Mean and standard deviation are given as descriptive statistics. Independent t tests were performed to compare descriptive characteristics between SWI and CG. A chi-square test was performed to evaluate differences in the Tanner stage between SWI and CG. Analyses of covariance (ANCOVA) were performed to evaluate differences between SWI and CG in daily minutes in different PA intensities, with valid time as a covariate and the Bonferroni corrections.
In addition, gender stratified multiple linear regression models adjusted for age and lean mass were constructed to examine the effects of MVPA on bone evaluated by DXA and pQCT. We tested for group interactions (SWI vs CG), in order to describe whether VPA influenced bone differently in SWI and CG.
The previous multiple linear regressions were repeated without the interaction term exclusively in the SWI in order to describe the effect of weight-bearing activity on SWI.
Finally, SWI were classified as: active or inactive if they complied or not with the PA guidelines [23] (60 min of MVPA). Age, subtotal lean, and height or radius/tibia length (for DXA or pQCT variable respectively) ANCOVAs were performed to evaluate differences in bone mass between those active and inactive SWI with the Bonferroni corrections by the number of bone parameters. In addition, a chi-square test was performed to determine if differences existed between SWI and CG regarding compliance of PA guidelines.
Results
Participants
Final reduction of accelerometers data resulted in the loss of 17 participants (6 SWI and 11 CG). Therefore, the final sample consisted of 70 SWI (33 females) and 41 CG (17 females).
Age and physical characteristics are summarized in Table 1 . As a whole sample, SWI were taller, heavier, and presented higher lean mass than CG, with these differences present in males but not in females when viewed by gender (all p < 0.05; Table 1 ). In addition, swimmers presented a higher maturation status than CG (p < 0.05; Table 1 ), although these differences disappeared when viewed by gender.
Physical activity
Total minutes in each PA intensity adjusted by valid time are presented in Table 2 .
SWI as a whole group presented lower amounts of time spent in VPA and MVPA than CG (both power 0.577 and 0.567, respectively, both p < 0.05; Table 2 ). However, when stratified by gender, only male SWI presented lower VPA and MVPA spent time than male-CG (power 0.711 and 0.553, respectively, both p < 0.05; Table 2 ).
Group interactions
No group interactions were found for the females. However, for males, radius CRT_THCK, radius BSI, tibia SSIPOL, and tibia FRAC_X, presented positive group by PA interaction (all p < 0.05), suggesting that weight-bearing PA influenced SWI bone more than CG bone.
Swimmers and VPA
When studying the effect of VPA on bone in SWI, no relationship was found between VPA and BMD at any of the studied variables (all p > 0.05; data not shown). However, for the male group, VPA explained radius CRT_THCK and tibia FRAC_X axis, both calculated with pQCT (all p < 0.05; Table 3 ). 
Active vs. inactive swimmers
As no differences were found between female active and inactive SWI, only differences between active and inactive male SWI are plotted in Fig. 1 . Male SWI subtotal body, arms, legs, and radius BMD values were higher in active than in inactive SWI (all p < 0.05; Fig. 1a ). In addition, active SWI presented higher tibia SSIPOL, FRAC_X, and BSI when compared to inactive SWI (all p < 0.05; Fig. 1b) . For the radius, BSI and CRT_THCK were also higher in active SWI than in inactive SWI (both p < 0.05; Fig. 1c and d, respectively) .
Discussion
The main finding of the present study is that, without taking into account swimming time, adolescent male SWI present different PA patterns when compared to controls which appear to influence their bone mass acquisition.
Contrary to our initial hypothesis, SWI did not present more sedentary time than CG. Sedentary behaviors have shown to be negative to bone mass in several studies [24, 25] . Therefore, the lower BMD values presented in our sample of SWI when compared to CG in a previous study [11] and in studies developed by other researchers [26] [27] [28] should not be attributed to longer periods of time spent in sedentary behaviors.
On the other hand, PA levels (MVPA and VPA) were higher in CG than in SWI, although when stratified by gender, differences were only significant in the male group. All the statistical analyses evaluating the relation between bone and PA were performed with VPA as it has been shown to be a better predictor of bone mass than MVPA [29] and other intensities [30, 31] .
The positive interactions between groups (SWI and CG), VPA, BMD, and several strength indices deserve special attention, as they suggest that VPA affects bone health more in SWI than in CG. This could be related to Frost's mechanostat theory [32] which indicated that a minimum effective strain for modeling the bone (2000 microstrains) was needed. A recent review performed by Skerry et al. [33] indicated that these thresholds may be relative to the individual's habitual loads, and thus if SWI are performing continuous low loads it is possible that their bone remodeling threshold may be lower than the norm. Therefore, less vigorous activity might have a greater effect on swimmers' bone.
The effects of PA on health outcomes like bone mass are clear, although the volume thresholds and intensities to obtain these benefits still remain unclear for different populations. As stated by Janssen et al., [34] it is unknown as to whether a child who performs a daily hour of PA on a regular basis would have any greater health benefits than a child that accumulates 7 h of activity over the week, with different amounts of activity being performed each day (including some days with no activity). In addition to the previous interactions, when focusing exclusively on SWI, VPA predicted several bone mass variables, even when taking age and lean mass into account. Although these predictive values were not very high, they showed improvements in the prediction of the tibia resistance to fracture and radius cortical thickness (change in r 2 = 0.05 and 0.09, respectively), suggesting that performing an extra activity in addition to swimming did indeed improve their bone mass. This is of critical relevance for the literature focusing on this topic, as there are inconsistent results regarding SWI BMD when compared to CG (for complete review [9] ). These findings are in line with previous reports suggesting that practicing other sports in addition to swimming might improve bone mass [11, 35] . Therefore, further studies focusing on bone mass in SWI should make the effort to divide SWI into pure SWI (those who only practice swimming) and non-pure SWI (SWI who do swimming and other physical activities), as mixing both groups may mask results.
The positive influence of VPA on bone was accompanied by positive effects of MVPA on bone, as those SWI that did comply with the 60 min of daily recommend MVPA presented higher BMD evaluated by DXA, and radius and tibia pQCT values than SWI who did not reach the 60 min of MVPA. Several studies have defined the positive effects of weightbearing activities on bone in adults [7] and during growth [6] . Therefore, these results were expected and reinforce the importance that impact activities have on bone development.
Many SWI did not attain the recommended amount of MVPA as registered by the accelerometers. However, this is not worrying in terms of cardiovascular health, as they are meeting these [23] with swimming (which was not registered by the accelerometers, but assistance to sessions was registered by coaches with an average training of 10 h per week). The prevalence of CG reaching MVPA (68 % for the boys and 47 % for the girls), was slightly higher than previous reports that measured European adolescents (57 % boys and 28 % girls) [36] . This higher prevalence for both groups (CG and SWI) could partly be explained by the mandatory classes of PA that they have to perform during the week at school, an issue that was previously addressed [11] , and that could have made the CG more active than others from previous studies (although the SWI might also be stronger than SWI from other samples). Moreover, as stated by Ojiambo et al. [22] , large differences exist in PA prevalence according to the choice of cutoff points.
Consistent with previous studies [37, 38] , boys were more active than girls. This extra activity of our male CG could partly explain results of previous DXA studies [11] as male SWI presented lower BMD values at several sites when compared to CG. This does not make swimming negative per se, but while some adolescents are swimming, others might be doing other activities that might improve bone health. When focusing on the females, a clear idea of how swimming affects bone is obtained as no differences were noticed between MVPA or VPA between female SWI and CG, and no differences were found between bone variables. Therefore, this reinforces the idea that swimming may be neutral to bone mass, and that some of the effects found in previous studies could partly be explained by extra activity of the CG [11] .
The present study is not exempt from limitations, as it is possible that other unmeasured factors could have contributed to bone mass, such as genetics or diet. In addition, accelerometers only register accelerations and therefore when performing an activity with extra weight the accelerometer will underestimate the total intensity of the activity. This could B VPA beta of the vigorous physical activity to bone, RAD_CRT_THCK radius cortical thickness, RAD_FRAC_X radius fracture load on the x-axis, RAD_SSIPOL radius polar strain strength index, RAD_BSI radius bone strength index, TIB_CRT_THCK tibia cortical thickness, TIB_FRAC_X tibia fracture load on the x-axis, TIB_SSIPOL tibia polar strain strength index, TIB_BSI tibia bone strength index Fig. 1 Age, lean, and height or object length adjusted differences in bone mass measured by DXA and pQCT between male active and inactive swimmers. *p < 0.05 be an important limitation for future studies that try to replicate the present one in adult swimmers as adult swimmers unlike the sample of the present study perform a high amount of weight-lifting. In addition, sample size, especially in the female group, might have masked some significant associations. It would therefore be interesting to perform future studies with a larger sample size in order to confirm this hypothesis. Nevertheless, accelerometry is an objective measure and has been reported to be one of the best measures for reporting PA [39] . Moreover, this is the first study to report objective PA in adolescent SWI and compare it to CG. In conclusion, male SWI spent less time in weight-bearing VPA and MVPA than CG, which could partly explain lower BMD values in SWI than CG. Female SWI did not present any differences regarding PA levels or bone mass when compared to female CG, suggesting that swimming is neutral to bone mass. This is concerning, as childhood and adolescence are key periods for attaining peak bone mass. Weight-bearing activities positively influenced bone mass in SWI as those that performed more than 60 min of MVPA per day showed higher bone health than those not complying with the recommended guidelines [23] . Randomized control trials including weightbearing or exercise interventions should be performed on these athletes, in order to evaluate its effect on BMD and bone strength values.
